Further characterization of the viral enhancement system of varicella-zoster virus by the pesticide carbaryl (1- We have previously demonstrated that the replication of varicella-zoster virus (VZV), a human herpesvirus, is enhanced by pretreatment of cultures of human embryonic lung (HEL) cells with the pesticide Sevin 4 Oil (1) . All of the enhancing ability of Sevin 4 Oil is contained in the active pesticide ingredient carbaryl since the other components have no enhancing ability. We have also demonstrated that not all human herpesviruses are equally sensitive to the enhancing effect of carbaryl (4) . Different strains of VZV show different patterns of sensitivity to enhancement; wild-type strains recently isolated from clinical material are more sensitive than laboratory-adapted strains. We have shown that neither wild-type nor laboratory-adapted strains of herpes simplex virus types 1 and 2 and human cytomegalovirus are sensitive to enhancement by carbaryl. This difference in sensitivity is not due to the cell-associated nature of the assay system or to the viral multiplicity of infection of the test system. Since the principal objective of these experiments was to determine the mechanism of enhancement, we have examined other parameters of the enhancement system.
MATERIALS AND METHODS
Cell cultures. Two types of HEL cells were used: the Flow 2000 strain from Flow Laboratories, McLean, Va., and the MRC-5 strain from M. A. Bioproducts, Walkersville, Md. Each was grown and maintained in Eagle minimal essential medium supplemented with 10% fetal bovine serum, 0.08% NaHCO3, 100 U of penicillin per ml, and 100 p.g of streptomycin per ml (growth medium). The HEP-2 stable cell line obtained from the American Type Culture Collection, Rockville, Md., was grown and maintained in minimal essential medium supplemented with 5% calf serum.
Viruses. Two independently isolated wild-type strains of VZV, WT1 and WT32, were used. Each had been isolated from clinical specimens of zoster lesion material provided by Mary Dietrich, Cutler Student Health Center, University of Maine, Orono, Maine. Both have been shown to be enhanced by carbaryl (4) . Two laboratory-adapted strains of VZV, Ellen and RU-10, were also used. The enhancing capacity of these strains had been demonstrated previously (4) . Each strain was maintained as cell-associated virus in HEL cells by using infected cells as the inoculum. Stocks were stored at -850C.
Pesticides and components. Sevin 4 Oil, analytical grade (99.9o pure) carbaryl (1-naphthyl-N-methylcarbamate), and base oil plus inert ingredients (base oil) were provided by Union Carbide Corp., New York, N.Y. a-Napthol, Guthion (phosphorodithioic acid 0, carbaryl was required to detect enhancement; no enhancement was detected with HEL cell monolayers that were not exposed to carbaryl initially but were titrated onto HEL cell monolayers exposed to carbaryl. Treatment of both HEL cell monolayers had no greater effect than treatment of the initial HEL cell monolayer only. Therefore, our initial assay system was the more sensitive for detecting enhancement of vzv.
Determination of the optimum time of pretreatment. Initially, we had used pretreatment times of 18 h of exposure to the test compound (1) . We now sought to determine the optimum time of pretreatment exposure to carbaryl. Replicate HEL cell monolayers were prepared. At various times before the addition of virus-infected cells from the same cell suspension, carbaryl-containing growth medium was added to the cultures; one set of cultures never received carbarylcontaining medium and served as the untreated control. When viral cytopathic effects were maximal, all cultures were harvested and titrated onto fresh untreated HEL cell monolayers.
The results are presented in Table 2 . No stimulation of viral growth was detected in the HEL cell monolayer exposed to carbaryl for 2 h. After 5 h of exposure, a slight increase in virus titer was noted. Another slight increase was detected in the sample exposed to carbaryl for 12 h. However, no significant enhancement (El 2 2.0) was present in samples treated for less than 18 h. The virus titer was highest in the sample exposed to carbaryl for 20 h, and titers remained high in the sample pretreated for 24 h. Therefore, in all subsequent experiments, cultures were pretreated for 20 to 24 h.
Time course of enhancement by carbaryl. Experiments were designed to determine the time course of the enhancement effect. Replicate HEL cell monolayers, half pretreated with carbaryl and half treated with growth medium only, were inoculated with equal amounts of a suspension of VZV-infected cells. At various times after inoculation, treated and untreated cultures were assayed for the numbers of infectious centers present ( (Table 3) .
The results are presented in Table 4 . Good enhancement (El = 4.3) was detected in cultures which had not undergone cell division. However, this capacity was lost in all the cells split 1:2 and undergoing cell division to produce a new monolayer, whether the cells were dispersed by trypsin or by mechanical means.
Determination of the ability of other pesticides and metabolites to enhance the replication of VZV. We then sought to determine whether other pesticides could enhance the replication of VZV and whether the enhancing ability was present in the active ingredient only or was possessed by metabolites of enhancing substances also. We had already demonstrated that the pesticide carbaryl could enhance VZV replication. Under alkaline conditions, carbaryl is hydrolyzed to form a-napthol (2) . Guthion was the other pesticide that we tested since two of its metabolites were available. The results of a virus enhancement assay of these compounds with three strains of VZV are presented in Table  5 . All compounds were tested at a concentration of 20 ,ug/ml. Since all of the data presented in The WT1 strain of VZV had been shown previously to be enhanced by carbaryl (4) . In this experiment, the El was 22, demonstrating strong enhancing ability. aL-Napthol had an El of 6.7 also demonstrating a strong enhancing ability. No enhancement (EI < 2.0) was detected with Guthion or either of its metabolites. Previously, the Ellen strain of VZV had been shown not to be enhanced by carbaryl (4) . This was again demonstrated here; the EI was 1.3. a- Napthol also gave a negative El of 1.3. No enhancement was detected with Guthion or either of its metabolites. The RU-10 strain of VZV had been shown to be intermediate in its ability to be enhanced by carbaryl (4) . This was shown here also; the El of 3.0 was positive, but much lower than the value of 22 for WT1. Positive enhancement was also present with the carbaryl metabolite a-napthol (EI = 3.5). Neither Guthion nor its metabolites produced positive enhancement.
Determination of the ability of other human cells to be used in the enhancement assay. Up to this point, all of the studies had been performed with HEL cells. We now sought to compare the HEP-2 stable line of human cells with HEL cells in its ability to be used in the VZV enhancement assay. Two wild-type strains of VZV (WT1 and WT32) were used. The results are presented in Table 6 . With both strains of virus, similar levels of enhancement were detected in each cell type, and there was no difference in the pattern of enhancement detected.
Effect of cell lot and cell passage on viral enhancement. The actual EI of a particular virus strain with a particular test compound cannot be predicted. We previously demonstrated that replicate flasks in the same experiment gave almost identical results (1). However, in HEL cells with the WT1 strain of VZV in different experiments with the same stock solution of carbaryl, the El could vary from 22 (Table 5 ) to 2.4 (Table 6) . We sought to determine whether particular lots of HEL cells were more sensitive and whether the sensitivity varied with the number of cell passages in culture. DISCUSSION These studies provide further characterization of the viral enhancement system in which the replication of the human herpesvirus VZV is enhanced by pretreatment of HEL cells with carbaryl, the active pesticide ingredient in the Sevin series of pesticides.
The first series of experiments sought to compare our viral enhancement assay system with that developed by Rozee et al. (5) . In their system, a suspension of cell-free virus is titrated onto cell monolayers which have previously been exposed to the enhancer for 18 to 24 h. Enhancement is detected by an increase in the titer of a given virus suspension; in other words, virus particles incapable of scoring as a plaque in control cells score as a plaque in treated cells. We have demonstrated that with cell-associated VZV this assay does not detect enhancement. The initial cell monolayer used to prepare the cell suspension must be treated to detect enhancement. This is logical in that the cell-associated virus assay requires living cells to score as infectious centers. A virus enhancer that produces more infectious centers is easier to visualize than one that permits more living infected cells to initiate infectious centers. Another difference between the two virus enhancement systems has been noted previously: in our system the active pesticide ingredient is the enhancer (1), whereas in the system of Rozee et al. (5) the emulsifier is the enhancer.
Like the system described by Rozee et al. (5), the virus enhancer does not appear merely to coat the treated cell to produce the change in susceptibility since 20 to 24 h are required to detect the maximum effect. This suggests that the viral enhancer is metabolized in some way to produce its effect. Experiments to determine which metabolic steps are involved are in progress. The cell retains this ability for at least 72 h, but the enhancement effect is not passed on to daughter cells with cell division.
Once infected cells are added to the pretreated monolayer, time is also required to detect an increased number of infectious centers. No difference was detected in treated cultures 24 h post-inoculation, and only a slight increase was detected by 36 h. Maximum increases in virus yield occurred between 48 and 72 h post-inoculation. Again, this seems reasonable for a cellassociated virus. Since the virus was added as virus-infected cells, no difference in titer was to be expected until the virus moved from its initial untreated cell into the treated cell monolayer. Then, replication in the treated cell would lead to an increase in the number of virus-infected cells. Since there was no synchrony in these cultures, this spread of virus would be predicted to take about 48 h.
Although the purpose of these experiments was to determine how a compound is able to enhance the replication of VZV, we have also tried to determine how widespread viral enhancement is by testing several other pesticides and pesticide preparations. We have tested several different samples of Sevin 4 Oil and several different samples of pure carbaryl (kindly provided by the Maine Forest Service, Augusta, Maine). All gave positive enhancement (unpublished observations). We have determined that a-napthol, a metabolite of carbaryl that forms under alkaline conditions (2) , is also capable of enhancing virus replication. This observation may have important environmental implications since a-napthol has a long half-life in nature (2, 6). However, the other pesticide tested, Guthion, was negative. We have also obtained negative results with acepliate (Orthene) (unpublished observations). These pesticides are not related chemically to carbaryl. This suggests that viral enhancement is specific for carbaryl and possibly for related compounds, but not for insecticides in general.
We have no explanation for the difference in the level of enhancement detected with the same solution of carbaryl in different experiments. We have been able to rule out cell lot and cell passage as factors. We demonstrated that replicate flasks of the same cell lot tested on the same day gave almost identical results (1) . We have also determined that an increase in cell stability does not appear to cause viral enhancement. This suggests that the physiological state of the cell may be the determining factor.
